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Abstract
Event-shape variables exhibit sensitivity to the structure of QCD radiation in hadron collisions. Five infra-red and
collinear safe event-shape variables, each sensitive to the diﬀerent features of multi-jet production, are measured using
hadronic jet data collected with the CMS detector from pp collisions at
√
s = 7 TeV, corresponding to a total integrated
luminosity of 5 fb−1. The measurements are compared to predictions of various QCD-inspired event generators of
multi-jet production.
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1. Introduction
Event-shape measurement leads to the understanding
of the structure of QCD, tuning and validation of dif-
ferent QCD inspired Monte Carlo model predictions.
Collinear and infra-red safe event-shape variables are
studied here. Among the ﬁve event-shape variables that
are measured, jet broadening, jet mass, three jet resolu-
tion parameter are studied for the ﬁrst time in CMS. Al-
though transverse thrust was measured before [1], this
recent study provides an opportunity to understand the
evolution of the Monte Carlo model prediction.
2. Event-shape variables
Event-shape variables are calculated in terms of four
momenta of the ﬁnal state hadronic jets. It can describe
the shape of a hadronic event, specially in LHC where
the hadronic events dominate the most. An important
aspect of these variables is that it is expressed in terms
of the ratio of the jets momenta. Thus it is expected that
jet energy scale uncertainties should cancel to a large
extent. In collider (LHC) since the longitudinal com-
ponent of an object cannot be determined, the event-
shape variables are deﬁned in the transverse plane with
respect to the beam axis. Many of these variables are
collinear and infra-red safe and can be calculated using
perturbative QCD [2,3]. They have been extensively
studied in earlier electron-positron and deep inelastic
lepton-hadron collisions [4,5,6]. The CDF experiment
at Tevatron [7] has measured event-shape variables with
unclustered calorimeter cells and compared to next-to-
leading order prediction, and with several tunes of the
PYTHIA6 event generator. At the LHC event-shape
variables have been measured with early data [1,8] col-
lected in 2010, and recently by the CMS collaboration
using associated production of Z + jet events [9]. In
the previous study by the CMS experiment, event-shape
variables namely central transverse thrust and thrust mi-
nor, have been used to test various QCD models im-
plemented in Monte Carlo generators. In this study a
larger dataset of 5 fb−1 is used and an extended set of
event-shape variables is considered this time. The stud-
ied event-shape variables are the following,
Transverse thrust : A measurement of event thrust in
the transverse plane with respect to the beam axis. It is
deﬁned as,
τ⊥,C ≡ 1 −max
nˆT
∑
i |pTi · nˆT|∑
i pTi
.
pTi represents the transverse momentum of particle i
and nˆT is the transverse unit vector which maximizes
the projection, is called the transverse thrust axis.
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Jet Broadening : The transverse region is separated into
an upper part, CU(pT · nˆT > 0) and a lower part, CL(pT ·
nˆT < 0). The pseudo-rapidities and the azimuthal angles
of the axes for the upper and lower regions are deﬁned
as,
ηX ≡
∑
i∈CX pTiηi∑
i∈CX pTi
, φX ≡
∑
i∈CX pTiφi∑
i∈CX pTi
,
where X refers to upper (U) or lower (L) part. The
broadenings in the two regions are then deﬁned as,
BX,C ≡ 12 PT
∑
i∈CX
pTi
√
(ηi − ηX)2 + (φi − φX)2 ,
where PT is the scalar sum of the transverse momenta
of all the jets. The total jet broadening is then deﬁned
as,
BT,C ≡ BU,C + BL,C.
Total, Transverse Jet Masses : The normalized squared
invariant masses can be deﬁned in the two regions as,
ρX ≡
M2X,C
P2
,
where MX,C is the invariant mass of the constituents of
the jets in part X and P is the scalar sum of the momen-
tum of all jets. The total jet mass can be obtained as,
ρTot,C ≡ ρU + ρL .
Similarly the transverse mass (ρTTot,C) is calculated in the
transverse plane.
Third jet resolution parameter : The third jet resolution
parameter, Y23,C is deﬁned as,
Y23,C ≡
min(R2 × p2T,3, min(pT,i, pT, j)2 × ΔR2i j)
P212
,
where i, j run over all three jets. ΔR2i j corresponds to the
square of the distance between the ith and jth jet in the
eta, phi plane, pT,3 is the transverse momentum of third
jet in the event. For the deﬁnition of P12 jets need to be
merged using the kT -algorithm with a cone-size of 0.6
in order to ﬁnally form two jets. Then P12 is deﬁned as
the sum of their transverse momenta. If there are more
than three jets in the event, they are merged using the
same procedure in order to form three jets and then two
jets. The Y23,C variable estimates the relative strength of
the pT of the third jet with respect to the other two jets.
It vanishes for two-jet events, and a nonzero value of
Y23,C indicates the presence of a hard parton emission,
which tests the parton showering model of QCD event
generators.
3. Event selection
Particle ﬂow jets are reconstructed by combining both
the tracker and the calorimeter information. Anti-kT
clustering algorithm with R = 0.5 is used for the jet re-
construction. The minimum number of jets that should
be present in all the events are two. For some of the
studied event-shape variables like jet broadening, third
jet resolution parameter the minimum number of jets
present in an event is taken as three. The threshold of
the transverse momentum for all the jets in an event is
ﬁxed at 30 GeV/c. All jets in an event should also lie in
the region where |η| < 2.4. Five trigger paths are used
with single jet triggers where the pT of at least one jet is
above a certain threshold. For each trigger path this jet
is considered as the leading jet. Also the jet selection is
done in such a way that the selected jets should lie on
both sides of the line perpendicular to transverse thrust
axis. Diﬀerent ﬁlters are applied to remove noisy jets.
The study was also performed with the jets deﬁned by
anti-kT with R = 0.7 and kT with R = 0.4.
4. Data and Monte Carlo samples
Datasets are used from the 2011 proton proton col-
lision. Table 1 shows the characteristics of the data
samples selected for this study, in categories of lead-
ing jet transverse momentum pT,1, eﬀective integrated
luminosity (pb−1), selected number of events. In order
Table 1: Details of the used datasets
Range of pT,1 Luminosity Number of
(GeV/c) (pb−1) events
110–170 0.403 96833
170–250 7.15 228854
250–320 153 601554
320–390 521 497827
> 390 4.98fb−1 2234304
to compare data with theory four Monte Carlo gener-
ators, PYTHIA6, PYTHIA8, HERWIG++ and MAD-
GRAPH are chosen to generate multi-jet events. The
Monte Carlo simulations are also used to obtain the un-
folding corrections, and to estimate the associated un-
certainties. Details of Monte Carlos, PYTHIA6.426
(PYTHIA6) [10] : TUNE D6T uses virtuality ordered
parton showering (PS) based on Tevatron data, TUNE
PERUGIA-P0 is the pT ordered PS based on LEP and
Tevatron data where as TUNE Z2 is the pT ordered
PS based on CMS data. PYTHIA8.153 (PYTHIA8)
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[11] : TUNE 4C uses the pT ordered PS and Under-
lying Event (UE) based on the Multi Parton Interaction
(MPI) model of PYTHIA6 interleaved with initial- and
ﬁnal-state radiations. HERWIG++2.5.3 (HERWIG++)
[12] : TUNE23 is the PS evolution based on angular
ordering, eikonal MPI model that is used to generate
the UE. MADGRAPH5.1.5.7 (MADGRAPH) [13] : It
is a multi-leg matrix element generator, showered with
PYTHIA6 Tune Z2.
5. Unfolding and systematic uncertainties
The distribution of a variable obtained using gener-
ator level information and detector level information
diﬀers due to the ﬁnite energy and angular resolutions
of the detector. Therefore unfolded distributions are
calculated with Bayesian iterative method [14] from
the fully simulated sample of events with PYTHIA6
(Tune Z2). In order to correct the measured distribu-
tions for bin migrations due to detector eﬀects, a re-
sponse matrix is constructed with simulated events. The
Bayesian iterative method is employed to unfold the
experimental data, using the response matrix obtained
from PYTHIA6 (TUNE Z2), PYTHIA8, and MAD-
GRAPH samples. Although the results are consistent
for the generators, small diﬀerences (< 3%) are ob-
served, which are taken as a systematic uncertainty. An-
other source of systematic uncertainty in the unfolding
procedure is the choice of the unsmearing method. A
regularized unfolding method based on singular value
decomposition (SVD) of the response matrix [15] is also
used as a consistency check.
Other sources of systematic uncertainty include the
ﬁnite jet energy and angular resolutions and the jet en-
ergy scale. In order to propagate the uncertainties due to
the jet resolutions, the unfolded response matrix is ob-
tained with jets randomly spread at the generator level
with increasing and decreasing values of the resolution
parameters. The corresponding diﬀerences in the un-
folded data distributions are considered as systematic
uncertainties. Similarly, the jet energy scale is increased
and decreased by one standard deviation with respect to
its central value and the unfolded distributions are com-
pared with the nominal one to estimate the eﬀect of this
scale correction, the resulting uncertainty is less than
3%. The eﬀect of pileup on the event-shape variables is
found to be negligible.
6. Results
All Monte Carlo model predictions tend to repro-
duce the transverse thrust (τ⊥,C), transverse jet mass
(ρTTot,C) and third jet resolution parameter (Y23,C) dis-
tributions better than the total jet mass (ρTot,C) and jet
broadening (BT,C). The model that consistently repro-
duces all the distributions within the uncertainties is
the MADGRAPH matrix element calculator combined
with PYTHIA6 (TUNE Z2) for the PS and UE. At the
LHC there exists a lot of extra radiation, as can be
inferred from the fact that multi-leg generators (like
MADGRAPH) describe the data better than only par-
ton shower generators. The agreement between data
and Monte Carlo is better in case of transverse thrust
variable (τ⊥,C) as compared to other event-shape vari-
ables. It is insensitive to the longitudinal component of
the particles momenta, and thus to the modelling of MPI
and colour connection between soft scatters and beam
remnants. The jet broadening distribution (BT,C) is
poorly described by all the models except for the MAD-
GRAPH generator. This variable is insensitive to the
UE and hadronization details, but a precise modelling
of the matrix element and PS is crucial in order to cor-
rectly predict its distribution. Both model ingredients
are expected to be more adequately described in MAD-
GRAPH, where the multijet ﬁnal-states are directly ob-
tained from the hard matrix element calculations, un-
like PYTHIA and HERWIG++ parton showers, which
work best for 2→2 processes. Also the jet broaden-
ing is sensitive to colour coherence eﬀects, which have
an improved description in the current version of HER-
WIG ++, which explains the best relative agreement of
this model compared to all PYTHIA models. Figure 1
shows the comparisons of unfolded data with diﬀerent
Monte Carlo model predictions for the jet broadening
distribution (BT,C) in all the leading jet pT regimes stud-
ied.
7. Summary
Event-shape variables that are deﬁned in the
transverse plane exhibit better agreement between
data/Monte Carlo than the one which are sensitive to
longitudinal energy ﬂow. The modelling of colour
connection between the soft scatters and beam rem-
nants, and initial- and ﬁnal-state radiations are the ma-
jor sources of diﬀerences between the various QCD
event generators. The study of infra-red and collinear-
safe event-shape variables provide detailed information
to further improve the modelling of parton radiation
and hadronization in event generators for high energy
hadronic collisions.
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Figure 1: Comparisons of unfolded data with diﬀerent Monte Carlo
models for the jet broadening (BT,C)
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